Lavigne and Goodman, 1996) and followed by synapse regulating the input, integration, and output of princiformation and experience-driven synapse refinement pal neurons. In cerebellum, for example, basket (Katz and Shatz, 1996). Until recently, it is not obvious interneurons make exquisitely precise "pinceau synwhether and how subcellular synapse targeting might apses" on AIS of Purkinje neurons, but the underlying be controlled by genetic programs, neuronal activity, mechanism is unknown. Using BAC transgenic reand/or experience. Experience-dependent refinement porter mice, we found that basket axons always conhas been implicated in the subcellular restriction of intacted Purkinje soma before innervating AIS. This synhibitory inputs onto medial superior olivary neurons in apse targeting process followed the establishment of 
exuberant basket terminals with the additional increase and 2E). NF186 immunofluorescence was consistently high at AIS and the bottom part of Purkinje soma but of GAD65 (Figures 1L-1N ; also see Figure 5A ). In mature rodent cerebellar cortex, a single basket cell innervates decreased significantly toward the dorsal portion of soma. During postnatal development, NF186 can be deup to ten Purkinje cells that are hundreds of microns apart, and a single AIS receives inputs from five to seven tected on AIS at low levels as early as P2 (Jenkins and Bennett, 2001 ). Importantly, when basket axons began basket cells (Palay and Palay, 1974; also includes a detailed description of mature pinceau synapse).
to contact Purkinje soma at P8, NF186 had already occupied the full length of AIS and formed a prominent deTherefore, the development of GABAergic innervation at Purkinje AIS was a prolonged process, which began creasing gradient toward soma ( Figures 2G and 2I ). This NF186 gradient persisted at P14 and onward (Figures during the second postnatal week and continued well into the fourth week. The initial contacts from basket 2J-2M). Therefore, the onset of NF186 localization to Purkinje AIS preceded GABAergic innervation, and the cell axons to Purkinje cells were made predominantly onto Purkinje soma instead of directly onto AIS, consisestablishment of a NF186 gradient correlated well with the extension of basket terminals from soma to AIS tent with an earlier observation using GAT1 antibody (Rosina et al., 1999). Basket axon terminals then exand the formation and maturation of pinceau synapses (Figures 1 and 2 ). tended selectively toward the bottom part of the Purkinje soma but not dendrites, reached AIS by P12, and elaboThe membrane adaptor protein ankyrinG has been shown to coordinate the assembly of a protein complex rated increasingly exuberant terminal branches around AIS. Sparse synapses appeared shortly after basket tercontaining L1CAMs, voltage-gated sodium channels, and the spectrin membrane skeleton at axon initial segminal extension and matured into pinceau synapses during the third postnatal week (summarized in Figure 1C Figures 4E and 4F ). In some Purkinje axons to Purkinje AIS, we further characterized the precise spatial and temporal localization of NF186 during axons of ankyrinG Ϫ/Ϫ mice, the lengths of NF186 distribution were more than six times (over 80 m) the length the process of pinceau synapse formation. In addition to confirming the highly restricted localization of neuroof those in wild-type mice ( Figures 4D-4F ). More importantly, these effects on neurofascin gradient and distrifascin in mature Purkinje cells (Davis et al., 1996) , we noticed a prominent subcellular gradient of NF186 along bution were observed not only in mature Purkinje cells but also during the process of basket terminal extension the Purkinje AIS-soma-dendritic axis (Figures 2A, 2B , Figure 3H) . A completely overlapped with those of GFP in our G42 significant fraction of basket axon bundles nonetheless mice (Supplemental Figure S1) . In some experiments, HCN1 immunofluoresence circumvented the generation reached Purkinje AIS but was significantly reduced in Figures 4D and 4E ). These data and 5F; P21 and P40). GAD65 signal along Purkinje axstrongly suggest that NF186 on Purkinje cells serves as ons ranged from scattered, sparse with highly variable a substrate for basket axon growth, and a subcellular length and density, to near absence (Figures 5F-5H and NF186 gradient may further provide a directional cue quantified in Figure 7F ). Purkinje somata were also frequently "bald," almost devoid of GAD65 labeling. It is from soma to AIS. Due to antibody compatibility, a par- that ectopic localization of NF186 in the absence of peared normal ( Figures 6B2, 6B3 , 6D2, and 6D3). It is thus unlikely that the defects in basket axon growth underlying ankyrinG membrane adaptors, although potent in supporting basket axon growth, was not sufficient and pinceau synapse formation resulted from abnormal Purkinje cell morphology and polarity. for pinceau synapse formation/stabilization. It is thus possible that the ankyrin-free and ankyrin-associated It is possible that ankyrinG may recruit a mechanism in addition to NF186 to direct basket axon targeting and forms of NF186 may differentially promote basket cell axon extension and synapse formation (see Discussion).
pinceau synapse formation in Purkinje neurons. In this regard, we discovered that, in mice deficient in the tyroThe morphology and polarity of Purkinje cell in ankyrinG Ϫ/Ϫ mice during the period of cerebellar circuit sine kinase fyn, the subcellular gradient of NF186 along the Purkinje cell was disrupted, while ankyrinG localizaformation were indistinguishable from those in wildtypes. The axons were properly oriented with normal tion to AIS was intact. Interestingly, basket cell again precisely followed neurofascin distribution, and pinceau diameters ( Figures 6A1-6A3 and 6C1-6C3) . The dendritic trees and spines were normal in appearance ( Figure 7D ; quantified in Figure 7F ). neurons, we took a dominant-negative approach de- Figure 7D shows a striking case where GAD65 was essigned specifically to disrupt the ankyrin-associated sentially absent at the infected Purkinje AIS. Taken toform of NF186 at AIS.
gether, these results strongly suggest that neurofasNeurofascin186 contains six immunoglobulin domains, cin186, or a closely related L1CAM member, assembled three fibronectin domains, and a mucin-like domain, folby ankyrinG at AIS is the main determinant in pinceau lowed by the transmembrane and cytoplasmic domains. synapse formation and/or stabilization. Figure S2) . voltage-gated sodium channels) through its four ANK repeat domains, the ANK repeats involved in such interactions are distinct from those involved with NF186 inNormal Pinceau Synapse Formation in Mice Deficient in NrCAM, L1, and CHL1
The reduction The ligand binding activity is mediated by the extracelluof pinceau synapses was not due to AAV infection or lar domains (Volkmer et al. 1998), while the cytoplasmic GFP expression, since infection of Purkinje neurons with a domain is both necessary and sufficient for ankyrinG control AAV-GFP virus had no effect on pinceau synapses binding and recruitment to cell membrane (Zhang et (and ankyrinG localization), even though GFP expresal. 1998). We reasoned that an extracellular domainsion level appeared higher than that of NF(⌬EC)-GFP deleted form of neurofascin (NF[⌬EC]-GFP, Figure 7E), (Figures 7G and 7H). In addition, the same NF(⌬EC)-GFP which retains ankyrinG binding and membrane expresconstruct under a cytomegalovirus (CMV) promoter was sion (Zhang et al. 1998), would disrupt and/or dissociate electroporated into Purkinje neurons of P3-P5 mouse endogenous NF186-ankyrinG complex at AIS, interfere pups, and the formation of pinceau synapses was asligand binding, and therefore function as a dominant sayed at P21. The reduction in pinceau synapse formanegative for pinceau synapse formation. Although antion was nearly identical, as in AAV-NF(⌬EC)-GFPkyrinG also recruits other membrane proteins (such as infected Purkinje cells (Supplemental

teractions (Michaely and Bennett, 1995). NF(⌬EC)-GFP, containing the highly conserved FIGQY motif involved
The L1CAM family includes three more members in addition to neurofascin: NrCAM, CHL1, and the founding in ankyrin binding in all L1CAMs (Zhang et al., 1998), should thus only interfere with L1CAM-ankyrinG interacmember L1 itself. To test whether these L1CAMs were necessary for pinceau synapse formation, we analyzed tions.
An adeno-associated virus (AAV) expressing the the corresponding knockout mice, which are all viable to adulthood. NrCAM was also thought to be localized 
NF(⌬EC)-GFP fusion gene was injected into cerebellum of P3 mouse pups, and the formation of pinceau synat Purkinje AIS (Davis et al., 1996). NrCAM-deficient cerebellum did not exhibit obvious histological defects, alapses was assayed at P21 (Figure 7). NF(⌬EC)-GFP expression was detected as early as P10 (data not
